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Abstract 

A tiny Lorentz symmetry breaking can be mediated in Electrodynamics by means of 
the Chern-Simons ( CS) interaction polarized along a constant CS vector. Its presence 
makes the vacuum optically active that has been recently estimated from astrophysical data. 
We examine two possibilities for the CS vector to be time-like or space-like, under the 
assumption that it originates from v.e.v. of some pseudoscalar matter. It is shown that: 
a) a time-like CS vector makes the vacuum unstable under pairs creation of tachyonic 
photon modes with the finite vacuum decay rate, i.e. it is unlikely realized at macroscopic 
time scales; b) on the contrary, the space-like CS vector does not yield any tachyonic 
modes and, moreover, if its dynamical counterpart is substantially described by a scale 
invariant interaction, then the QED radiation effects induce the dynamical breaking of 
Lorentz symmetry, i.e. the occurrence of space-like CS vector appears to be rather natural. 
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The possibility of a tiny deviation from the Lorentz covariance has been recently 
reconsidered [1-5] and severe astrophysical bounds on it have been derived. In Electro- 
dynamics, when one retains its fundamental character provided by the renormalizability, 
it is conceivable to have two types of the Lorentz symmetry breaking (LSB). One way is 
for the light velocity to depart from the maximum attainable speed for other particles [3]. 
Another way is under the scope of our letter and is delivered in the ordinary 3+1 dimen- 
sional Minkowski space-time by the (C)PT-odd Chern-Simons (CS) coupling of photons 
to the vacuum [2] mediated by a constant CS vector ?y M ( Carroll-Field- Jackiw model): 

£qed = -\f^ + 4nA^ + le^A^F uXVa , (1) 

where we have included also the photon coupling to a conserved matter current J M . This 
modification of Electrodynamics does not break the gauge symmetry of the action but splits 
the dispersion relations for different photon (circular) polarizations [2]. As a consequence 
the linearly polarized photons exhibit the birefringence, i.e. the rotation of the polarization 
direction depending on the distance, when they propagate in the vacuum. 

If the vector ?? M is time-like, rf > 0, then this observable effect may be isotropic in 
the preferred frame (say, the Rest Frame of the Universe where the cosmic microwave 
background radiation is maximally isotropic), since = (rjo, 0,0,0). However it is defi- 
nitely anisotropic for space-like rf < 0. The first possibility was carefully analyzed [2,5] 
resulting in the bound: 1 770 1 < 10 _33 ey ~ I0~ 28 cm~ 1 . Last year Nodland and Ralston 
[4] presented their compilation of data on polarization rotation of photons from remote 
radio galaxies and argued for the existence of space anisotropy with ~ (0, ff) of order 
\ff\ ~ 10~ 32 eV ~ 10~ 27 cm _1 . Thereupon the hot discussion started about the confidence 
level of their result [6] and still this effect needs a better confirmation [7] . 

In our letter we would like to draw the reader's attention to the fact that the time- 
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like pattern for the CS interaction is intrinsically inconsistent as it is accompanied by the 
creation of tachyonic photon modes 1 from the vacuum, i.e. such a vacuum is unstable 
under the QED radiative effects. On the contrary, the space-like anisotropy carrying CS 
vector does not generate any vacuum instability and may be naturally induced [8] by a 
Coleman- Weinberg mechanism [9] in any scale invariant scenario where the CS vector is 
related to v.e.v. of the gradient of a pseudoscalar field 2 . 

Let us give more details concerning the above statements. The CS interaction modifies 
the second couple of the Maxwell equations: 

d^ v = 4nJ v + 277 M F^, (2) 

where the notation = ^e^^ F\ a is adopted. One can read off this equation that 

— * 

for fj 7^ the electric field strength E is no longer orthogonal to the wave vector because 

V • E 7^ in the empty space. Thus, in this case, the photon obtains a third polarization 

like a massive vector particle. 

The photon energy spectrum can be derived from the wave equations on the gauge 

potential in the momentum representation: 

(pV + 2ie^ x ° VxPrT ) A v = K» V A V = 0; 

(3) 

pM„ = 0. 

It is evident that the CS interaction changes the photon spectrum only in the polarization 
hyper-plane orthogonal to the momentum p^ and the CS vector r\ v . The projector on this 
plane has the form: 

(77 • p) 2 — Vj 2 p 2 



1 The presence of tachyonic modes in the photon spectrum and the posssible vacuum 

instability was mentioned in [2]. 

2 It may be also interpreted as the average value of a background torsion field [10] with 

similar conclusions. 



After introducing the notation, 

gl * v = 2ie^ Xa rjxPa, (5) 

one can verify that 3 

e 2 = ^; N^^-p) 2 -^), (6) 

and £ ■ e 2 = £. Respectively, one can unravel the energy spectrum of the wave equation 
(3) in terms of two polarizations of different helicity: 

e L ,R = \ (e 2 ± J=) ; £ ■ e L , R = ±VNe L , R . (7) 

Then the dispersion relation is controlled by the equation: 

(p 2 ) 2 +4r] 2 p 2 -4(7]-p) 2 = 0. (8) 

From eq. (8) one discovers the different physical properties depending on whether i] 2 is 
positive or negative. 

If r] 2 > one can examine photon properties in the rest frame for the CS vector 
Vn = (Vo, 0, 0, 0). Then the dispersion relation, 

(po) 2 ± =p 2 ±2\ m \\p\, (9) 

tells us that the upper type of solutions can be interpreted as describing massless states 
because their energies vanish for p = . Meanwhile the lower type of distorted photons is 
such that they behave as tachyons [2] with a real energy for \p\ > 2 1 770 1 (when their phase 
velocity are taken into account) . There are also static solutions with p = \p\ = 2 j 770 1 
and unstable solutions (tachyons) with a negative imaginary energy for \p\ < 2 j 770 1 - 



3 In what follows the matrix product is provided by contraction with g^ v . 
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For light-like CS vectors, rf = 0, one deals with conventional photons of shifted 
energy-momentum spectra for different polarizations: 

(p ±Vo) 2 = (P±V) 2 . (10) 

If the CS vector is space-like, rf < 0, the photon spectrum is more transparent in the 
static frame where ri^ = (0,ff). The corresponding dispersion relation reads: 

(po)l =f + 2fJ 2 ± 2^/WTW 7 W- (ii) 

It can be checked that in this case p\ > for all p and neither static nor unstable tachyonic 
modes do actually arise. The upper type of solution describes the massive particle with a 
mass 771+ = 2\fj\ for small space momenta \p\ <C \ fj\. The lower type of solutions represents 
a massless state as po — > for \p\ — > 0. It might also exhibit the acausal behavior when 
PtiP^ < but, even in this case p\ > for all p, so that the unstable tachyonic modes never 
arise. 

In a general frame, for high momenta \p\ ^> \rf\, \po\ ^> 770, one obtains the relation: 

|po| - |p| - ±{vo - \v\ cos<^), (12) 

where <p is an angle between ff and p. Hence, for a given photon frequency po, the phase 
shift induced by the difference between wave vectors of opposite helicities does not depend 
upon this frequency. Moreover the linearly polarized waves - a combination of left- and 
right-handed ones - reveal the birefringence phenomenon of rotation of polarization axis 
with the distance [2]. 

Let us now examine the radiative effects induced by the emission of distorted photons. 
In principle the energy and momentum conservation allows for pairs of tachyons to be 
created from the vacuum due to the CS interaction. Thereby in any model where the CS 
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vector plays a dynamical role, being related to the condensate of a matter field, one may 
expect that, owing to tachyon pairs creation, the asymptotic Fock's vacuum state becomes 
unstable and transforming towards a true non-perturbative state without tachyonic photon 
modes. But if we inherit the causal prescription for propagating physical waves, then the 
physical states are assigned to possess the non-negative energy sign. As a consequence 
the tachyon pairs can be created out of the vacuum only if r] 2 > 0. In particular, the 
static waves with p = <^ \p\ = 2\rjo\ are well produced to destroy the vacuum state. 
On the contrary, for r] 2 < the causal prescription for the energy sign together with the 
energy-momentum conservation prevent the vacuum state from photon pair emission. 

Thus the decay process holds when static and unstable tachyonic modes exist. Let us 
clarify this point with the help of the radiatively induced effective potential for the variable 
?7 M treated as an average value 4 of the gradient of a pseudoscalar field, ?? M = (9 M 0(x))n, 
O being the non-perturbative vacuum state. We adopt a model with classically scale- 
invariant action which naturally extends the CFJ model (1): 



wher ci and c 2 are coefficients to be suitably tuned in terms of ultraviolet renormalization 
effects. The effective potential for slowly varying d fl Q(x) — ^ - due to quantum photon 
fluctuations - can obtained after integration over the photon field from the functional 
determinant (see [8] for more details): 



where \i is some infrared normalization scale, whilst K T stands for the transposed matrix 

K and the finite part of the last functional is derived with the help of any regularization 
4 It may be a mean value over large volume for slowly varying classical background 

field or, eventually, the v.e.v. for an axion-type field. 



S = ^Maxwell + / d X [ -€ 



^ A ^ M F, A a CT e + Cl (a M e^e) 2 + c 2 (a 2 e) 2 , (13) 




(14) 
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which respects the classical scale invariance. However the very latter invariance turns 
out [8] to be broken when infrared divergences are cured. It finally yields the following 
expression for the effective potential: 

V=«=3^(W) 2 m(^£), (15) 

where the constant y/e (ln-^/e = 1/2) is factorized out for a further convenience and 
the infrared normalization scale \x has to be of the order of 10~ 32 eV in order to fit the 
Nodland- Ralston effect [4]. One can see from eq. (15) that: 

a) if rf > there appears an imaginary part for the vacuum energy, 

ImVeff = -A(^)2 > (16) 

which characterizes the rate per unit volume of tachyon pairs production out of the vacuum 
state; 

b) for rf < the effective potential is real and has a maximum at rf = 0, whereas 
the true minima arise at non-zero space-like value rj 2 = — /U 2 , just realizing the celebrated 
Coleman- Weinberg phenomenon [9]. 

We conclude that it is unlikely to have the Lorentz symmetry breaking by the CPT 
odd interaction (1) by means of a time-like CS vector preserving the rotational invariance in 
the ?y M rest frame. Rather intrinsically, the pseudoscalar matter interacting with photons 
has a tendency to condensate along a space-like direction. In turn, as we have seen, it 
leads to the photon mass formation. Of course, this effect of a Coleman- Weinberg type 
does not yield any explanation for the magnitude of the scale fj,, which, however, is implied 
to be a physical infrared cutoff of a cosmological origin. Therefore its magnitude can be 
thought to be the inverse of the maximal photon wave length in the Universe: namely, 

A m ax = 1//U ~ 10 27 Cm. 
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If an explicit breaking of the scale invariance is present, then the LSB effect may be 
reduced and even disappear. For instance [8], with the positive kinetic term for the field, 

M 2 

£kin = — d v Sd V S (17) 

added to (13), one can derive the maximal scale M max for which the LSB minima exist 
and are at their face value: 

M max = — fi ; |^|min = /ue" 1/4 , (18) 

i.e. M max of the order of 10~ 33 ey. 

In this letter we do not touch upon the origin of the pseudoscalar field [10, 11], but 
leave this discussion to a forthcoming paper. 
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